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An in-depth understanding of the bimetallic
eﬀects and coked carbon species on an active
bimetallic Ni(Co)/Al2O3 dry reforming catalyst†
Xin Liao,ab Rihards Gerdts,a Stewart F. Parker,c Lina Chi,ad Yongxiang Zhao,b
Martyn Hill,a Junqiu Guo,a Martin O. Jones*ce and Zheng Jiang*ab
Ni/Al2O3, Co/Al2O3 and bimetallic Ni(Co)/Al2O3 catalysts were prepared using an impregnation method
and employed in CO2 dry reforming of methane under coking-favored conditions. The spent catalysts
were carefully characterized using typical characterization technologies and inelastic neutron scattering
spectroscopy. The bimetallic catalyst exhibited a superior activity and anti-coking performance
compared to Ni/Al2O3, while the most resistant to coking behavior was Co/Al2O3. The enhanced activity
of the Ni(Co)/Al2O3 bimetallic catalyst is attributed to the reduced particle size of metallic species and
resistance to forming stable filamentous carbon. The overall carbon deposition on the spent bimetallic
catalyst is comparable to that of the spent Ni/Al2O3 catalyst, whereas the carbon deposited on the
bimetallic catalyst is mainly less-stable carbonaceous species as confirmed by SEM, TPO, Raman and
INS characterization. This study provides an in depth understanding of alloy eﬀects in catalysts, the
chemical nature of coked carbon on spent Ni-based catalysts and, hopefully, inspires the creative design
of a new bimetallic catalyst for dry reforming reactions.
1. Introduction
Ever increasing concerns regarding fossil fuel based energy and
the unprecedented emission of greenhouse gases have stimulated
enormous interest in CO2 dry reforming of methane (DRM), which
converts two major greenhouse gases (CO2 and CH4) into syngas
with a desirable H2/CO ratio for the sequential syntheses of higher
value synthetic fuels or chemicals.1,2 DRM is especially important
for upgrading sustainable biogas, which is mainly composed
of 45–55% methane and 30–40% CO2, to syngas. However,
compared to other methane reforming processes, DRM is the
most endothermic process requiring anti-deactivation catalysts
and a high operating temperature.
The catalyst deactivation induced by carbon deposition
is the most severe challenge faced during the DRM process,
which is thermodynamically inevitable under cost-eﬀective low
temperature DRM operation modes. The dominant carbon
formation reactions, including methane decomposition (MD)
and CO decomposition (Boudouard reaction), are thermo-
dynamically more favourable than syngas production, in the
lower temperature reaction regime (500–700 1C).3,4 The coked
carbon species can be roughly categorised as amorphous carbon
and filamentous carbon, where the former leads to a temporary
diminishing of activity that may be in situ regenerated by H2
in syngas, while the latter results in permanent deactivation
that requires regeneration via an oxidation–reduction cycle.5
However, the chemical nature of the coked carbon is under
debate and is deemed to vary depending on the catalyst.6 High
operation temperature may also lead to catalyst deactivation
due to sintering, though it may be partially suppressed by the
introduction of thermally stable catalyst supports and/or adding
co-catalysts to stabilise metallic active sites.6,7 The application
of a non-thermal equilibrium plasma field in DRM can also
decrease the operating temperature, though it is susceptible to
inducing faster and more serious carbon deposition on the
surface of the catalyst.8
Noble metal (NM) catalysts, in particular Ru9 and Rh,10 are
more resistant to carbon deposition yet are too costly and are
unfeasible for large-scale industrial applications. Transition
metal (TM) catalysts are of reasonable activity in DRM, among
them the Ni-based11–13 and Co-based14,15 catalysts demonstrated
a Faculty of Engineering and the Environment, University of Southampton,
Highfield, Southampton, SO17 1BJ, UK. E-mail: z.jiang@soton.ac.uk
b Department of Chemistry and Chemical Engineering, Shanxi University, Taiyuan,
030006, China
c ISIS Facility, STFC Rutherford Appleton Laboratory, Chilton, Didcot, OX11 0QX,
UK. E-mail: martin-owen.jones@stfc.ac.uk
d School of Environmental Science and Engineering, Shanghai Jiao Tong University,
200240, China
e School of Chemistry, University of St Andrews, North Haugh, St Andrews, Fife,
KY16 9ST, Scotland, UK
† Electronic supplementary information (ESI) available. See DOI: 10.1039/c6cp01089j
Received 17th February 2016,
Accepted 7th June 2016
DOI: 10.1039/c6cp01089j
www.rsc.org/pccp
PCCP
PAPER
Pu
bl
ish
ed
 o
n 
07
 Ju
ne
 2
01
6.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f S
ou
th
am
pt
on
 o
n 
27
/0
7/
20
16
 1
9:
31
:3
7.
 
View Article Online
View Journal  | View Issue
17312 | Phys. Chem. Chem. Phys., 2016, 18, 17311--17319 This journal is© the Owner Societies 2016
comparable activity in DRM but tended to display greater
deactivation due to surface coking (i.e. carbon deposition). It
has been proven effective to reduce coking on TM-based
catalysts by adopting several strategies, including enhancing
metal dispersion, tuning surface basicity and applying a stable
catalyst support of large surface area.16–18 More interestingly,
the addition of small amounts of noble metal (Pt, Ru, Rh) to
Ni- or Co-based catalysts has been shown to enhance the
catalyst stability and suppress coking significantly.19,20 The
hydrogen spillover effects of the noble metal were believed to
be the reason for the better activity of bimetallic Ni-based DRM
catalysts. The enhanced performance of TM–TM catalysts
was also reported, for example Ni–Co21 and Mo–Ni22 based
catalysts, which was interpreted as an alloy effect or synergism.
However, limited knowledge was provided about the chemical
nature of the carbon species laid down on the bimetallic
catalysts. An in-depth investigation of the bimetallic effect
and the properties of the carbon species deposited on the metal
surface is therefore of profound importance for the design of
improved catalysts with enhanced anti-coking properties.
The formation of bimetallic alloys may be easily characterized
and correlated with their DRM activity; however, it is very
challenging to identify the carbon species deposited on catalysts
using ordinary FTIR, and Raman spectra because of the
complexity of the carbon species and the dark colour that
weakens vibrational spectral responses.23,24 For Ni-based and
Co-based catalysts, it is well accepted that the coking carbon is
derived from metal carbides, for example NiCx
25 and CoCx.
15
The formation of carbide intermediates inevitably involves
diﬀusion of hydrogen into the coked carbon species that
is further polymerized into either amorphous or graphitic
filamentous carbons of diﬀerent stability and hydrogen contents.
Recently, Parker and Lennon employed inelastic neutron
scattering (INS) spectroscopy to characterize the carbon species
on deactivated Ni-based catalysts, providing insights into
the coked carbon catalyst, associated hydrogen and where
the carbon species were deposited, leading to an explicit
mechanism for the DRM reaction and deactivation of Ni-based
catalysts.24,26
Here, an active Ni(Co)/Al2O3 bimetallic catalyst was synthesized
using an impregnation method and treated under accelerated
coking conditions to deposit carbon on the catalyst so that we
could study the nature of the deposited carbon on the bimetallic
catalysts. In this comparative investigation, we attempt to clarify
the contribution of the bimetallic eﬀects in the Ni(Co)/Al2O3
catalyst relative to Ni/Al2O3 and Co/Al2O3 catalysts.
2. Experiment
2.1 Materials
The chemical reagents, Ni(NO3)26H2O, and Co(NO3)26H2O,
were of analytic grade and purchased from Sigma-Aldrich and
used as-purchased without purification. The Al2O3 support was
also purchased from Sigma-Aldrich and calcined at 800 1C
before catalyst preparation via impregnation.
2.2 Catalyst preparation
The Ni/Al2O3, Co/Al2O3 and 25 wt% Ni(Co)/Al2O3 (Ni/Co molar
ratio at 4/1, hereafter simply denoted Ni(Co)/Al2O3) catalysts
were prepared by a modified incipient wetness impregnation of
the Al2O3 process. Typically, for Ni(Co)/Al2O3 catalyst preparation,
26.438 g Ni(NO3)26H2O and 6.558 g Co(NO3)26H2O were dis-
solved in 15 mL deionized water, followed by the addition of
20.00 g of the Al2O3 support and 23.879 g of citric acid to form a
mixed paste. The sample was carefully stirred at 400 rotation
per min for several hours on a hotplate pre-heated toB80 1C to
evaporate the solvent, prior to transferring the sample to an
electric oven and maintained at 120  1 1C for 8 h. The received
dry sample was then ground carefully before calcination at
650 1C for 3 h in amuﬄe oven, with a heating ramp of 3 1Cmin1.
The obtained mixed oxide was reduced in a flow of H2/He gas
(with H2 volumetric concentration of 10 vol%) to obtain the
DRM catalyst, which was denoted Ni(Co)/Al2O3. Themonometallic
Ni/Al2O3 and Co/Al2O3 catalysts were prepared using the same
procedure.
2.3 Catalyst characterization
The crystal phases of the fresh and spent catalysts were
determined using powder X-ray diﬀraction on an X’Pert PRO,
PANalytical X-ray diﬀractometer, Cu Ka1 (l = 0.15408 nm)
radiation, 40 kV 40 mA. The samples were scanned in 2y from
20 to 801 at 41 min1 with a continuous scan rate. The mean
crystallite sizes of the phases of interest were calculated using
the Scherrer equation:
D = Kl/B cos y,
where D is the mean size of the crystalline domains, K is a
dimensionless shape factor, with a value of 0.9, l is the X-ray
wavelength. B is the line broadening at half the maximum
intensity (FWHM), after subtracting the instrumental line
broadening in radians and y the Bragg angle. The morphology
of the catalysts and carbon deposition were recorded through a
field-emission scanning electron microscope (FESEM, JEOL
JSM-6700F).
Hydrogen temperature programed reduction (H2-TPR) experi-
ments were performed using a Micromeritics AutoChem II
2950 automated catalyst characterization system equipped with
a thermal conductivity detector (TCD). 30 mg of the catalyst was
firstly degassed at 300 1C for an hour with argon flushing
and then cooled to ambient temperature in argon flow. The
degassed sample was then subject to temperature programmed
reduction at a temperature ramp of 10 1Cmin1 in 50 mLmin1
H2/Ar (10 vol% H2) mixed gas flow. The TPR profiles were
recorded from 50 to 900 1C, where the TCD signal of the gas
eﬄuent was recorded and plotted as a function of temperature.
Raman scattering measurements of the post-reaction samples
were recorded using a RENISHAW Invia Raman microscope using
532 nm excited laser light with a laser power at the sample of
20 mW, which ensures no laser induced decomposition occurred.
The spent catalysts were discharged from the reactor and
10 mg of the spent sample was used for temperature programmed
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oxidation (TPO) experiments performed by thermogravimetry
(TG, STA 449C, Netzsch, Germany). The TPO signals were recorded
from room temperature to 900 1C at a ramp of 10 1C min1 in an
air flow (20 mL min1). The obtained TPO profiles of the catalysts
were presented as DTG signals.
2.4 Accelerated carbon deposition
The carbon deposition process was performed at the ISIS
Facility of the STFC Rutherford Appleton Laboratory. An
Inconel reaction cell, provided by ISIS, was used to perform
dry reforming reactions with the eluting gases of the exit stream
analysed using a mass spectrometer (MS) (Hiden Analytical,
HPR20 QMS Sampling System). The mass spectrometer was not
calibrated for the reactants or products, so the resulting profile
only indicated the relative trends in gas composition over the
reaction period. A brief description of the sample handling
procedures used for this work is described below.
A charge of approximately 20 g of the catalyst, held between
quartz wool plugs, was loaded into the reactor. The samples
were reduced by heating to 600 1C at 3 1C min1 in flowing
hydrogen (100 mL min1 H2 diluted with 900 mL min
1 He)
and held at this temperature until hydrogen consumption
ceased. H2 was then purged from the system with He whilst
cooling to room temperature. Maintaining the helium flow, the
sample temperature was increased from room temperature to
600 1C and the reaction commenced by flowing CH4, CO2 and
He over the catalyst at respective flow rates of 100, 100 and
900 sccm. These conditions were maintained for 6 h, at which
point heating was stopped, the reactor was purged using He gas
flow, and the sample was cooled to ambient temperature for
subsequent INS analysis.
2.5 INS measurements
INS measurements were performed at the ISIS Facility of the
STFC Rutherford Appleton Laboratory using the MAPS
spectrometer.24 MAPS is a direct geometry chopper instrument,
which uses a Fermi chopper to monochromate the incident
neutron beam to produce incident energies in the range
120–6000 cm1.24 The energy resolution is 1.5% of the incident
energy at the largest energy transfer and degrades with
decreasing energy transfer.24 In order to achieve reasonable
resolution over a wide spectral range (400–4000 cm1), spectra
are measured at different incident energies: 4840 and 2017 cm1.
Samples were loaded into an indium-sealed gas tight aluminium
sample cell inside an argon-filled glove box (MBraun UniLab
MB-20-G, [H2O] o 1 ppm, [O2] o 2 ppm). The cell was then
transferred to the INS spectrometer and INS spectra were
recorded at 20 K. Background measurements were also per-
formed on the reduced but unreacted Ni–Co/Al2O3 sample so
that the spectrum of the reduced catalyst could be subtracted
from the spectrum of the reacted catalyst.
3. Results and discussion
3.1 Precursor characterization
3.1.1 XRD analysis. Fig. 1A shows the XRD patterns of the
calcined oxides before being reduced. The characteristic Bragg
diﬀraction peaks can be attributed to gamma alumina (JSPDF:
29-0063), NiO (JSPDF: 44-1159) and Co3O4 (JSPDF: 42-1467),
respectively. It is worth noting that there are no cobalt oxide
Bragg peaks observed in the diﬀraction data for the bimetallic
catalyst sample and this, together with the small shift to higher
two-theta observed for the NiO Bragg peaks (Fig. 1B), suggests
that Ni and Co have formed a Ni(Co)Ox solid solution which
favours the formation of a homogeneously dissolved alloy catalyst
after H2 reduction. There are no NiAl2O4, Ni(Co)Al2O4 and
CoAl2O4 spinel aluminates identified in the XRD data of the
catalysts as the Bragg peaks of the cubic spinel species are likely
to overlap with cubic phase NiO and spinel phase Co3O4.
27,28
However, the subsequent TPR characterization revealed that a
small amount of spinel phases exists in the specimens.
3.1.2 H2-TPR analysis. The H2-TPR profiles of the support
oxides used to generate the Ni/Al2O3, Ni(Co)/Al2O3 and Co/Al2O3
catalysts are shown in Fig. 2. The major reduction of all the
metal oxides occurred at 600 1C, which can be attributed to the
reduction of highly dispersed and bulk metal oxides. The
maximum reduction of bulk NiO (Ni2+ - Ni0), Ni(Co)Ox and
Co3O4 (Co
2+ - Co0) occurred at 450, 375 and 315 1C,29–31
respectively, indicating that Co3O4 is easier to reduce than
Fig. 1 (A) X-ray diﬀraction data for fresh Ni/Al2O3, Ni(Co)/Al2O3 and Co/Al2O3 catalysts before reduction and (B) expanded view of data (A).
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NiO and thus that the incorporation of Co should improve the
reducibility of NiO while NiOx should retard the reduction of
Co3O4. Distinct TPR shoulder peaks, attributed to the reduction
of highly dispersed metal oxides,16,31 were also observed on the
three samples at lower temperatures relative to corresponding
bulk reduction. It is noteworthy that the incorporation of Co
into NiO slightly hinders the reduction of highly dispersed NiOx
in that the maximum reduction of Ni(Co)/Al2O3 appears at
340 1C and tailed to higher temperature relative to highly
dispersed NiOx at 335 1C (Fig. 2).
An additional reduction was observed at elevated temperature
between 600–850 1C for both Ni/Al2O3 and Ni(Co)/Al2O3, this is
below the reported high temperature reduction of Co/Al2O3,
which begins at approximately 600 1C and continues to greater
than 900 1C. This 600–850 1C reduction behaviour may be
assigned to the reduction of relatively inert Ni- or Co-based
spinel aluminates.32,33 The weak reduction peaks for the spinel
aluminates implies that the concentrations of such aluminates
are very low, which is reasonable in that the high-temperature
pre-calcinations (800 1C) of alumina may make the alumina
support inert and thus inhibit the formation of Ni- or Co-based
aluminate spinel phases. The reduction of Ni(Co)Al2O4 occurs at
a temperature between those of NiAl2O4 and CoAl2O4, suggesting
that Ni–Co was well mixed in the spinel structure. The reduction
peak area relative to Ni(Co)Al2O4 is also smaller than that of
NiAl2O4. Both the enhanced reduction temperature and weaker
reduction suggest that the incorporation of Co inhibits the
reduction of NiAl2O4. Taking the fixed reduction and DRM
temperature (600 1C) into account, it is not thought that the spinel
phase would influence carbon formation in the present work.
3.2 DRM reaction and accumulated carbon deposition
In order to study the catalytic activity and the carbon deposition
of the mono-metallic and bimetallic catalysts in the DRM
process, a two-stage temperature program was applied, with
1100 mL min1 mixed gas flow through 20 g of catalysts, leading
to a rather high gas space velocity (GHSV) of approximately
3300 mL g1 h1 which is an appropriate GHSV for extension
to pilot-scale tests. In the first stage, the reactor temperature was
elevated from ambient to 600 1C and the components of the gas
eﬄuent were monitored using MS. As shown in Fig. 3, it was
found the DRM reaction was initiated on the Ni/Al2O3, Ni(Co)/
Al2O3 and Co/Al2O3 catalysts at 320, 410 and 440 1C, respectively.
These results reveal that the addition of a small amount of Co
into Ni (Co/Ni ratio = 1/4) significantly retards the ignition
of DRM, indicating that the Co–Ni alloy catalyst possesses a
lower reactivity, but this reactivity is still higher than that of the
Co/Al2O3 catalyst at such a relatively low temperature of 600 1C.
It is notable that the yields of CO, H2 and H2O for Ni/Al2O3
and Co/Al2O3 catalysts are almost equivalent in the DRM
initiation stages despite the large temperature diﬀerence
observed on the individual catalysts. More significant is that
the syngas yields on bimetallic Ni(Co)/Al2O3 are much higher
than those of the mono-metallic catalysts in the 6 hour DRM
Fig. 2 H2-temperature programmed reduction profiles of fresh Ni/Al2O3,
Ni(Co)/Al2O3 and Co/Al2O3 catalysts.
Fig. 3 The time-on-stream MS signal for temperature-programmed DRM
reaction (100–600 1C) on 20 g (a) Ni/Al2O3, (b) Ni(Co)/Al2O3 and (c) Co/Al2O3,
respectively. The 1100 mL min1 mixed gas flow contains 10 vol% CH4,
10 vol% CO2 with He as the remaining gas balance.
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time-on-stream, revealing that the alloy catalyst possesses
superior DRM activity. Unfortunately, it is not possible to
quantitatively analyse the precise H2/CO ratio since the MS
response was not calibrated, but we may conclude that the
reaction trend is an accurate representation of the catalyst
activities. Similar trends have been reported by Lennon and
co-workers on the Ni-based catalysts.23,26
The much more intense H2 than CO profiles and the
existence of H2O signals suggest that there are carbon species
formed and accumulated on the catalysts, which can be attributed
to both methane decomposition and Boudouard reactions in
terms of the intensity of the products.10 It is expected that the
deposited carbon species would be detectable after 5 hour time-
on-stream of DRM under mild reaction conditions.
3.3 Carbon species on the spent catalysts
3.3.1 XRD analysis. Crystalline graphitic carbon, usually in
a filamentous morphology, is of the most concern for catalyst
deactivation in DRM since it is responsible for the permanent
deactivation of catalysts once loading crosses a critical coverage.34
X-ray diﬀraction was carried out to discern if graphitic carbon was
deposited on the spent catalysts and to investigate the crystallinity
of the monometallic and bimetallic catalysts. For our three spent
catalyst samples, Bragg peaks of metallic Ni (JSPDF: 04-0850), Co
(JSPDF: 15-0806) and alumina (JSPDF: 29-0063), along with
significant graphitic carbon35 for the spent Ni/Al2O3 catalyst,
can be observed in the diﬀraction data (Fig. 4A). The calculated
crystallite size of the graphitic carbon species on Ni/Al2O3 is
approximately 13.0 nm. There is no graphitic carbon diﬀraction
observed for the spent bimetallic and Co/Al2O3 catalysts, revealing
that Co is more resistant to coking than Ni and the addition of a
small amount of Co into Ni suppresses graphitic carbon
deposition. However, the absence of graphitic carbon diﬀraction
cannot exclude the existence of amorphous carbon or other
carbon species deposited on the catalysts, or that graphitic
carbon concentration is too low to be detected by XRD.
No cobalt Bragg peaks are apparent in the diﬀraction data
for the bimetallic catalyst, suggesting that a Ni–Co alloy was
formed during the reduction of the catalyst.36 The enlarged
XRD patterns (Fig. 4B) highlighted a small shift to the lower
Bragg angle for the bimetallic catalyst with respect to the pure
Ni material, indicating that Co incorporation leads to an
increase of the Ni lattice, arising from lattice strain.37 It is
worth noting that the crystallite sizes, as calculated from the
full width at half maxima (FWHM) of the Bragg peaks using the
Scherrer equation, of the bimetallic species (28.5 nm) and pure
Co (23.1 nm) are smaller than those observed for pure Ni
(30.1 nm), which suggests that the addition of Co slightly
reduces Ni sintering in DRM.
It has been reported that there is a critical metal particle size
(B7 nm) for the growth of filamentous carbon.38 In this sense,
the smaller amount of filamentous carbon on the spent bimetallic
and Co/Al2O3 catalysts cannot be fully attributed to the smaller size
metallic particles because the size of the bimetallic catalyst is only
1.6 nm smaller than the Ni catalyst and they are both much
larger than the critical carbon-inhibiting metal size. There
would be other factors besides the metal size determining the
reduced carbon deposition on bimetallic catalyst and Co/Al2O3.
The low sensitivity and the significant errors of the Scherrer law
in determining the particle size make XRD an ineﬀective method
to correlate the carbon species and the metallic catalysts, in
particular, it is unable to detail the localised chemical species.39
3.3.2 SEM analysis. The FESEM images of the spent
Ni/Al2O3, Co/Al2O3 and Ni(Co)/Al2O3 catalysts after 6 h DRM
time-on-stream reaction are shown in Fig. 5. Filamentous
carbon deposits are clearly observed on the spent Ni/Al2O3
catalyst (Fig. 5A) and, to a less extent, on the bimetallic
Ni(Co)/AlO3 and Co/Al2O3 catalysts (Fig. 5B and C). The diameter
of the carbon filaments falls in the range of 20–50 nm, which is
consistent with the crystallite size of metallic Ni acquired by
XRD. Fig. 5A also reveals that the carbons deposited at the
interface of Ni and Al2O3 drag the metallic particle out of the
support with the formation of carbon nanofilaments which are
tipped with metal particles, as confirmed by EDS (Fig. 5D). The
results are in good agreement with previous theoretical modelling
and experimental research,36 which concluded that the metallic Ni
cluster can lead to forming filamentous carbons evolving from a
whisker-like structured carbon grown on the Ni particles.34
Fig. 4 (A) X-ray diﬀraction data for the Ni/Al2O3, Ni(Co)/Al2O3 and Co/Al2O3 spent catalysts after carbon deposition and (B) the enlarged XRD data in the
2 theta range of 40–501.
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The SEM of the spent bimetallic Ni(Co)/Al2O3 catalyst displays
nubby surfaces with thinner filamentous carbon (B20 nm) in
comparison to Ni/Al2O3, whose EDS characterization (Fig. 5E)
confirms that thinner filamentous carbon is formed on Ni–Co
alloy. The SEM image of Co/Al2O3 (Fig. 5C) shows negligible
filamentous carbon (in diameter of approximately 25 nm) on the
spent catalyst and its EDS in the selected area is mainly
composed of carbon, which can be attributed to amorphous
carbon covering the surface (Fig. 5F) as combined with XRD
analysis. It is worth noting that the observed diameter of the
filamentous carbon agrees with the metal crystallite sizes
acquired from XRD but is different from the calculated size of
the graphite, implying that XRD is not sufficient to define the
particle sizes due to the intrinsic deficiencies of the technique.
3.3.3 Temperature programmed oxidation. TPO studies
the spent catalyst samples with a view of measuring the amount
of carbon present in the catalyst. The acquired TPO profiles are
presented in Fig. 6. The spent Co/Al2O3 catalyst was observed to
possess the smallest amount of carbon, while the amount of
coked carbon on the spent Ni/Al2O3 and Ni(Co)/Al2O3 is larger
and comparable to each other. The oxidation maxima shift to
lower temperature in the order of Co/Al2O3 o Ni(Co)/Al2O3 o
Ni/Al2O3, indicating that the carbon deposits on Ni/Al2O3 are
harder to remove and would, therefore, be more likely to lead to
eventual catalyst deactivation.
All the TPO profiles can be reasonably fitted to two Gaussian
peaks at high and low temperature. For the spent Ni/Al2O3
catalyst, the high temperature peak (670 1C), due to the
presence of graphitic carbon which accounts for approximately
70% of the deposited carbon, dominates the TPO profile with a
smaller peak at 610 1C, due to amorphous carbon.11 In contrast,
more than 80% of the deposited carbon on the spent bimetallic
Ni(Co)/Al2O3 catalyst is oxidized at the lower temperature
(595 1C).36 The shoulder on the TPO peak centred at 695 1C is
due to the oxidation of graphitic carbon which was not
observed by X-ray diﬀraction. The two distinct TPO peaks for
the spent Co/Al2O3 are rather small and both located in the
temperature zone associated with the oxidation of amorphous
carbon, indicating that such deposited carbon species are of a
diﬀerent chemical nature to those present on the Ni and
bimetallic catalyst. It is notable that the high-temperature
TPO peak tailed to 700 1C, implying a trace amount of graphitic
carbon also exists on the spent Co/Al2O3 catalyst.
3.3.4 Raman analysis. The Raman spectra of the spent
catalysts are shown in Fig. 7. Here, two well defined bands at
Fig. 5 Scanning electron microscopy images and the EDS spectrum of spent catalysts after carbon deposition (A) and (D) Ni/Al2O3; (B) and (E) Ni(Co)/
Al2O3; (C) and (F) Co/Al2O3.
Fig. 6 Temperature-programmed oxidation profiles of spent Ni/Al2O3,
Ni(Co)/Al2O3 and Co/Al2O3 catalysts.
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approximately 1344 and 1580 cm1 are observed and attributed
to a disordered structural mode of crystalline carbon species
(D band), and graphitic carbon (G band).40,41 The D band of
the spent bimetallic catalyst is comparable to that observed
on spent Ni/Al2O3, though their respective G bands are significantly
diﬀerent. The G band of the bimetallic catalyst shows a red-
shift, characteristic of the presence of a less symmetric carbon
species.41 A distinct shoulder is also observed, which is attributed
to the presence of filamentous carbon of high symmetry,41 in
accordance with our SEM study.
While it is not reasonable to compare the intensities of the
bands of the spent catalysts, the intensity and ratios between D
and G bands (ID/IG, AD/AG) evidence the distribution of carbon
deposits or the degree of crystallinity of the surface coke.42 The
ID/IG and AD/AG ratios for the samples, inserted in Fig. 7, reveal
that the relative amount of the amorphous to graphitic carbon
is almost the same on the spent monometallic catalysts but that
the bimetallic catalyst has a relatively more amorphous carbon.
The spent Co/Al2O3 catalyst showed the lowest Raman signal,
consistent with the analyses by SEM, XRD and TPO that the
Co/Al2O3 catalyst is more resistant to coking than Ni/Al2O3 and
Ni(Co)/Al2O3.
3.3.5 INS analysis. Inelastic neutron scattering (INS)
spectroscopy is a form of vibrational spectroscopy where the
observed intensity depends on incoherent cross section and the
amplitude of vibration of the atoms in the mode.43 For normal
hydrogen, (1H), both of these are much larger than for any other
element. Thus while there are no selection rules, so all modes
are allowed, in practice there is a ‘propensity rule’ that modes
involving hydrogen will dominate the INS spectrum. In the
present case, this means that the entire 0–4000 cm1 range is
accessible and the spectra largely show the hydroxyls and the
hydrocarbonaceous overlayer.
In order to obtain high quality neutron spectra in a wide
energy range,24 two neutron beam incident energies, 4840 and
2017 cm1, were applied to characterise the carbon species on
the spent Ni/Al2O3 Ni(Co)/Al2O3 and Co/Al2O3 catalysts.
23 The
acquired INS spectra are shown in Fig. 8, where the high energy
(2400–4000 cm1) region with respect to stretching modes
(C–H/O–H) of the surface species on the spent catalysts is
shown in Fig. 8(a) and the bending modes in the lower energy
region are shown in Fig. 8(b).
The bands at B3658 cm1 present on all the samples are
attributed to the hydroxyl stretching modes. Such hydroxyl groups
are generally thought to reside on the alumina support.23,44,45 It
is notable that the bimetallic catalyst shows the weakest O–H
stretching vibration and Ni/Al2O3 catalysts show the strongest
O–H stretching vibration signals. The different intensity of the
OH stretching vibration modes characterises the metal coverage
on the catalysts in that the highest metal dispersion should
lead to the lowest intensity of OH stretching vibrations. This
suggests that the bimetallic catalyst has an enhanced dispersion
with respect to the pure Ni and Co catalysts. We note that the
results are more informative than XRD analysis since the
Scherrer formula is dominated by the large metal particles.39
Fig. 7 Raman spectra of spent Ni/Al2O3, Ni(Co)/Al2O3 and Co/Al2O3
catalysts.
Fig. 8 INS spectra of spent catalysts using the MAPS spectrometer operating an incident neutron energy of (a) 4840 cm1 (the C–H and O–H stretch
region) and (b) 2017 cm1 (the fingerprint region).
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The different intensity for the OH stretch modes also implies
that the catalysts possess different acidity, in the order Ni/Al2O3
4 Co/Al2O3 4 Ni(Co)/Al2O3. It has been well documented that
an acidic surface favours catalyst coking in the DRM process,46
and thus it is reasonable to infer that more carbon will be
deposited on the Ni/Al2O3 catalyst, compared to the Co/Al2O3
and bimetallic catalysts.
INS features at around 3000 cm1 are assigned to C–H
stretch vibrations of unsaturated aromatic moieties.23,44 The
C–H vibration for the bimetallic Ni–Co catalyst is red-shifted
with respect to that for the pure Ni catalyst, suggesting a larger
contribution from aliphatic species. The 3000 cm1 vibration is
absent from the spent Co/Al2O3 catalyst although a very weak
vibration is present at 2900 cm1, due to aliphatic moieties23
(see the ESI†). The resistance of Co catalysts to aromatic species
is not unprecedented as it has been shown that Fischer–Tropsch
Co/Al2O3 catalysts favor forming straight chain organic molecules
from syngas.47
Fig. 8(b) shows the 400–1600 cm1 range acquired with an
incident energy of 2017 cm1, which presents the hydrogenic
deformation fingerprint information of the carbon species
deposited on the spent catalysts.24 Two weak bands, at approxi-
mately 1430 and 1170 cm1, are discernible on all the spent
catalysts. The 1430 cm1 band is assigned to the coupled
aromatic C–C stretch and C–H bending,44 while the band at
1170 cm1 is due to an in-plane aromatic C–H deformation.48
The intensity at 1430 cm1 is almost the same in all the catalyst
materials, revealing that all the spent catalysts are covered with
similar amounts of carbon. However, the intensity of the
1170 cm1 bands declines as Ni/Al2O3 B Ni(Co)/Al2O3 c Co/
Al2O3, and is almost absent in the Co/Al2O3 catalyst, paralleling
what is seen in the C–H stretch region consistent with the XRD,
TPO and SEM data that the Co/Al2O3 catalyst is most resistant
to the formation of graphitic coke. The existence of C–H species
in all three samples is reasonable considering that the coked
carbon is largely derived from methane decomposition26 and
thus we expect the metal bound C–H species to undergo further
polymerization to form stable carbonaceous carbon, in either
graphitic or amorphous carbon form.34
The INS spectra reveal that relatively less aromatic carbonaceous
but more aliphatic species are deposited on spent Co/Al2O3 and
Ni(Co)/Al2O3 catalysts, in comparison to the pure Ni catalyst.
The formation of filamentous carbon is more associated with
the presence of highly polymerized aromatic species and the
preference to aliphatic carbon on Co/Al2O3 catalyst is a significant
factor for its resistance to coking. It further reveals that the
Co-containing catalysts have weaker surface acidity due to
enhanced catalyst distribution across the catalyst support, which
can be precisely characterised using NH3 TPD.
4. Conclusions
The monometallic Ni/Al2O3, Co/Al2O3 and bimetallic Ni(Co)/
Al2O3 catalysts were prepared using an impregnation method
for catalytic CO2 reforming of methane. The Ni-based catalyst
showed better initial activity compared to bimetallic and
Co-based catalysts, but the bimetallic Ni(Co)/Al2O3 catalyst
displayed the highest reactivity in the 6 hour DRM time-on-
stream. The Ni–Co alloy is responsible for high DRM activity
and coking-resistant stability in the steady status DRM reaction
on the Ni(Co)/Al2O3 catalyst, while metallic Ni determines the
initial DRM activity. All three catalysts coked, which was
reflected by the high H2/CO ratios and water in the DRM
products. The diameters of the filamentous carbon were found
to be similar to the metal crystallite sizes.
The coking extent on the spent bimetallic Ni(Co)/Al2O3
catalyst is similar to that on the spent Ni/Al2O3 catalyst, however,
the primary coke carbon on the Ni(Co)/Al2O3 catalyst is amorphous
or carbon-deficient carbon species which are easier to remove than
the graphitic carbon predominantly deposited on the spent Ni/Al2O3
catalyst. The lattice deformation of the bimetallic catalyst was found
favoring methane decomposition and depresses the formation
of graphitic carbon. The Co/Al2O3 catalyst is found to be the
most resistant to coking with a slower carbon deposition rate
than bimetallic and Ni/Al2O3 catalysts.
Less polymerized aromatic carbonaceous species were deposited
on the spent bimetallic catalyst than on Ni/Al2O3, although the
exact nature of the aromatic carbon species and amount cannot
be precisely discerned by INS. Aliphatic carbonaceous species
were deposited on the spent Co/Al2O3 catalyst, which is more
resistant to the formation of aromatic carbon species. The
cobalt in the bimetallic catalyst is thus responsible for depressing
the deposition of aromatic carbon.
Overall, the Ni–Co alloy not only enhances the activity
during steady-state DRM reactions, it also inhibits the sintering
of metallic active species and depresses the formation of
aromatic carbon species in the filamentous morphology and
thus resists permanent deactivation in DRM catalysis.
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